The study aimed for evaluating the diagnostic value of a 2D Turbo Spin Echo (TSE) magnetic resonance (MR) imaging sequence implanted slice-encoding metal artifact correction (SEMAC) and viewangle tilting (VAT) in patients with spinal instrumentation.
INTRODUCTION

M
etallic spinal implants are commonly used in patients with spinal disorders. Despite spinal instrumentation can increase fusion rate of spinal surgery, a variety of adverse postoperative effects have been noted and well documented in the literature. The adverse effects include metal hypersensitivity, edema, infection, and spinal cord compression occurring early after surgery, as well as tumor recurrence, implant loosening, and osteolysis in long-term run. Severe adverse effects affecting the life quality of patients might inevitably need revision, which consequently impose heavy load on patients in terms of health and economic issues.
Magnetic resonance (MR) imaging has become an important modality for spinal imaging due to its superiority in the assessment of the spinal cord, adjacent soft tissues, and osseous structures. For postoperative patients with spinal instrumentation, current MRI is limited in the evaluation of periprosthetic complications due to magnetic susceptibility artifacts and eddy current artifacts induced by metallic implants. [1] [2] [3] [4] There are 2 types of distortions. Through-plane distortions are derived from a distorted excitation profile during slice-selective excitation, and in-plane distortions are derived from disrupted frequency encoding during the process of readout. Therefore, various MR techniques are being developed to reduce metallic artifacts. It has been reported that view angle tilting (VAT) Turbo Spin Echo (TSE) sequence combined with high radio frequency and readout bandwidths successfully suppresses in-plane distortions rather than through-plane distortions. [5] [6] [7] [8] By extending the VAT TSE sequence with additional phase-encoding along slice-selective z-axis, slice-encoding metal artifact correction (SEMAC) corrects the through-plane distortions using the additional z-phase encoding to restore the distorted signal to their actual slice location. 5, 9, 10 Several studies have demonstrated the efficacy of SEMAC-VAT technique in eliminating metal artifacts in animal models and in patients with metal implants in the spine, hips, knees, and the brain. [11] [12] [13] [14] [15] [16] However, few studies systematically addressed the diagnostic value of SEMAC-VAT technique for clinical use, in particular for patients with clinically diagnosed discomfortable symptoms. Nevertheless, it is generally believed that instrumentation with titanium alloy is the most compatible type of metal, rarely causing adverse effects.
This study aimed for evaluating the diagnostic value of SEMAC-VAT sequence in patients with titanium pedicle screws as spinal instrumentation who had been reported having discomfortable symptoms.
METHODS
Patients and Study Design
This study was approved by the Institutional Ethics Review Board with written informed consent obtained from all patients. Consecutive patients undergoing spinal instrumentation surgery, who were recommended to perform MRI scan from June 2014 to May 2015, were included in this study. The enrolling criteria included patients who complained discomfort after spinal surgery using titanium alloy pedicle screws. We defined patients with discomfortable symptoms caused by spinal instrumentation as spinal instrumentation adverse reaction.
MR Imaging
All patients were examined on a 1.5 T MR scanner (MAGNETOM Aera, Siemens AG, Erlangen, Germany) using the integrated spine coil. The T1-weighted sagittal, T2-weighted sagittal, and axial images were acquired using a standard TSE sequence and prototype TSE sequence implementing the SEMAC-VAT technique. The imaging parameters are summarized in Table 1 .
Quantitative Image Analysis
A musculoskeletal radiologist (with 6 years of experience) measured the cumulative area of signal void on the T2-weighted axial image, which was defined as the area without discernible anatomic information, including both low-and high-signal-intensity artifacts induced by the instrumentation ( Figure 1A ). Length of spinal canal obscuration on the T1-and T2-weighted sagittal image between the 2 sequences was also evaluated ( Figure 1B ). Three continuous sections at the level of the instrumentation in axial and sagittal images were selected for the evaluation. The reader compared the following 2 sets of the same level of axial/ sagittal MR images in random order.
Qualitative Image Analysis
Three musculoskeletal radiologists (with 6 and 7 years of experience) independently compared the standard TSE images with the SEMAC-VAT TSE images. Visibility of 4 periprosthetic anatomic structures including visualization of the pedicle (near the screw), vertebral body (near the screw), dural sac (between the affected intervertebral disc level), and intervertebral neural foramina (near the screw) in the paired MR images were graded as follows: grade 1, the periprosthetic region is barely delineated; grade 2, <25% of the structures; grade 3, 25% to 50% of the structures; grade 4, 50% to 75% of the structures; and grade 5, >75% of the structures. 17 Image quality including geometric image distortion, spatial blurring, and image noise was assessed on the following criteria: score of 1, severe artifacts and nondiagnostic image; 2, moderate artifacts with moderate impairment of diagnostic quality; 3, visible artifacts without impairment of diagnostic quality; 4, barely visible artifacts; and 5, no artifacts. 18 If abnormal imaging findings were present, such as osteolysis, loosening, edema, and infection, this was recorded and the number of such findings per sequence was noted.
All of the images were evaluated in a random order. The readers were blinded to the scores of the corresponding previous images. To minimize the learning bias, patients' information and the imaging parameters were hidden.
Statistical Analysis
All analyses were performed with statistical software SPSS (version 17.0, SPSS Inc, Chicago, IL). Differences in signal void size and length of spinal canal obscuration were assessed by using the paired t test, and differences in qualitative data (visualizations of anatomic structures and image quality) were assessed with the Wilcoxon signed-rank test. Data were shown as mean AE standard deviations, with P < 0.05 as a statistically significant difference. The number of discordant cases of 
RESULTS
Patients
One hundred and forty-two patients with spinal instrumentation who were recommended to perform spinal MR scan were enrolled in this study prospectively. Among them, 44 patients were excluded for no discomfortable symptoms related to the spinal instrumentation, 5 patients were excluded for incomplete scan caused by claustrophobia, 15 patients were excluded for incomplete scan caused by pain or discomfort, and 11 patients were excluded for images with motion artifacts. Finally, images from 67 consecutive patients (M:F ¼ 41:26; age range, 32-75 years; mean age, 59.7 AE 17.8 years) were analyzed in the study (Figure 2 ). There were 24 patients for cervical spinal MRI, 9 patients for thoracic spinal MRI, and 34 patients for lumbar spinal MRI. The average spinal segments for fixation were 2.97 levels: 2 segments for 23 patients, 3 segments for 29 patients, 4 segments for 10 patients, 5 segments for 4 patients, and 6 segments for 1 patient. The primary diseases included disc herniation (n ¼ 35), spinal primary tumors (n ¼ 15), spinal metastasis (n ¼ 7), spinal tuberculosis (n ¼ 9), and spinal fractures (n ¼ 12). And the reasons of postoperative MR imaging were lumbar pain (n ¼ 29), cervical pain (n ¼ 22), back pain (n ¼ 6), and fever (n ¼ 10).
Quantitative and Qualitative Results
On T2-weighted axial images, the area of signal void around the instrumentation was significantly reduced when using SEMAC-VAT sequences (9.9 AE 2.6 cm 2 for SEMAC-VAT and 29.8 AE 14.7 cm 2 for standard TSE, P < 0.001, Figure 3A ). On sagittal images, the length of spinal canal obscuration around the instrumentation was significantly reduced when using SEMAC-VAT for T2-weighted imaging (1.2 AE 0.6 cm vs 5.2 AE 2.0 cm, P < 0.001, Figure 3B ) and T1-weighted imaging (1.1 AE 0.5 cm vs 4.8 AE 2.1 cm, P < 0.001, Figure 3C ). As shown in Table 2 , visualizations of all periprosthetic anatomic structures were significantly better for SEMAC-VAT TSE images compared with standard TSE images (P < 0.001 for all structures). Interobserver agreement for visualizations of anatomic structures was good for both SEMAC-VAT TSE (k ¼ 0.77) and standard TSE (k ¼ 0.74) imaging. As shown in Table 3 , image quality including distortion, blurring, and image noise was significantly better for SEMAC-VAT TSE compared with standard TSE imaging (P < 0.001 for all). Interobserver agreement for image quality was good for SEMAC-VAT TSE (k ¼ 0.68) and standard TSE imaging (k ¼ 0.80).
Clinical Results
The number of abnormal findings noted on SEMAC-VAT TSE images (59 findings) was significantly more than the number of findings detected on standard TSE images (40 findings, P < 0.001), with 19 (19/59 ¼ 32.20%) of the findings missed on standard TSE images ( Figure 4 ). All abnormal FIGURE 3. Spot graphs show statistic analysis results that the signal void was significantly lower in SEMAC-VAT than in standard TSE images for T2-weighted imaging (A, P < 0.001), and the length of spinal canal obscuration was also significantly reduced in T2-weighted imaging (B, P < 0.001) and T1-weighted imaging (C, P < 0.001). SEMAC-VAT ¼slice-encoding metal artifact correction-view-angle tilting, TSE ¼ Turbo Spin Echo. imaging findings detected on standard TSE images were also noted on SEMAC-VAT images ( Figure 5 ). Detailed clinical findings of the subjects are displayed in 
DISCUSSION AND CONCLUSIONS
In this study, we systematically evaluated the diagnostic value of a SEMAC-VAT sequence in patients with spinal instrumentation. We found that the area of signal void around the instrumentation on axial images and the length of spinal canal obscuration on sagittal images significantly reduced when using SEMAC-VAT sequences. Therefore, the metal artifacts surround the implants were mostly suppressed in SEMAC-VAT images. At the same time, the number of abnormal findings on SEMAC-VAT TSE images was significantly higher than that of findings on standard TSE images, which increased the detection rate for postoperative complications around the metallic implants.
Titanium alloy hardware is more compatible with MR and has less artifacts than stainless steel and nickel. 19 However, the susceptibility artifacts around the metal, that is, the signal loss, signal pile-up, and geometric distortions, still significantly corrupt the image quality. Several practical solutions are useful for reducing the metallic artifacts, which include using fast spin echo sequences other than standard spin echo and gradient echo sequences, increasing the readout bandwidth, using inversion recovery for fat suppression rather than spectral fat saturation, reducing slice thickness and increasing image matrix. 20, 21 However, none of these methods can remove metallic artifacts effectively enough for clinical diagnosis of periprostheic complications. Several more sophisticated approaches have been published. One of the first approaches is VAT, which has been available since 1988. 7 Several studies then were done to improve its performance in reducing the in-plane metallic artifacts and VAT-associated blurring. 6, 8 Through-plane metallic artifacts remained a problem until the SEMAC and multiacquisition variable-resonance image combination had been developed. 9, 22 Our results showed that SEMAC and VAT effectively reduced the area of signal void and length of spinal canal obscuration around the instrumentation, which is consistent with previous studies in vivo and in vitro. 13, 17, 23, 24 Also, the visualizations of all periprosthetic anatomic structures were significantly better for SEMAC-VAT TSE images compared with standard TSE images with a significantly improved periprosthetic visualization of the pedicle, vertebral body, dural sac, and neural foramina.
Interbody fusion with titanium screws is a widely performed surgical treatment for spinal disorders and shows good clinical results. However, patients with low-back pain and tumor recurrence are frequently seen. The SEMAC-VAT sequence provides the advantage to evaluate postoperative complications in patients, including bone marrow and softtissue edema, infections, tumor recurrence, and fluid adjacent to metal implants. Our results showed a general increase of diagnostic accuracy for all these complications when using SEMAC-VAT. Furthermore, in some cases, where the complications were also visible in the standard TSE images, SEMAC- Anatomic structures were assessed by 3 readers on a 5-point scale from 1 (not visible) to 5 (good depiction). Data are mean AE standard deviation. After Bonferroni correction, P < 0.0125 denotes statistical significance.
SEMAC-VAT ¼ slice-encoding metal artifact correction-view-angle tilting, TSE ¼ Turbo Spin Echo. VAT provided a better image quality for reducing the susceptibility artifacts. The incidence rate of spinal instrumentation adverse reaction was 38.81% via MRI SEMAC-VAT technique in this study. The clinical findings of spinal instrumentation adverse reaction revealed by MRI included edema, implant loosening, and fluid adjacent to metal implants. Patients with discomfort hallmarks excluding recurrent neoplasm, recurrent disc herniation, and infection factors, are adverse reaction population. Presurgery informed consent and better communications with patients might improve mutual understanding between doctors and patients. Suspected patients with discomfort should undergo MRI with SEMAC-VAT sequence. More profound studies are needed to eliminate or alleviate the adverse reaction.
One limitation in our study is that the z-phase encoding range applied for SEMAC was not sufficient for optimal distortion correction. 9, 10 Our preliminary test showed that the optimal number for z-phase-encoding steps is 15, while larger values do not improve the image quality anymore. However, the trade off is that scan time was prolonged to about 15 minutes. Thus, to improve the acceptance in clinical imaging, we reduced the z-phase-encoding steps to 6, which suppressed most of the metal artifacts in <3 minutes in T2 imaging and 5 minutes in T1 imaging. The other limitation is that short tau inversion recovery images with SEMAC-VAT were not included in this study. STIR images can provide higher tissue contrast by suppressing fat signal, and are useful for detecting small fluid signals in spinal diseases. However, scan time of this sequence with SEMAC-VAT is too long for clinical use, and is hard for 
